ABSTRACT The study on the sizing of renewable energy generation systems and energy storage systems together in a household considering different price mechanisms can further promote the development of the home energy management system (HEMS). In this paper, a HEMS expressed as a bi-level model is provided to investigated capacity allocation strategy of the photovoltaic (PV) and battery energy storage system (BESS) in a smart household considering: 1) the impact of electricity price mechanisms which include the time-of-use pricing (TOU), the real-time pricing (RTP), and the stepwise power tariff (SPT); 2) the effect of subsidies of PV; and 3) the uncertainty in the PV output and seasonal load profiles. Then, the hybrid approach which combines the cataclysmic genetic algorithm and the DICOPT solver in GAMS is employed to find an optimal solution. Finally, six cases with different price mechanisms and approaches, as well as the sensitivity analysis of optimal solution to subsidies are presented. Results indicate that, with the subsidies, only the PV system needs to be equipped in a household under the SPT, while the PV system and BESS need to be equipped together under the RTP and TOU. Only when the subsidies of PV reach a certain level will the installation of PV be considered.
I. INTRODUCTION
Buildings consume approximately 40% of total end-use energy [1] . Hence, improvements in building energy efficiency can promote the structural transformation of energy utilization and mitigate the carbon footprint. Renewable energy sources (i.e., rooftop photovoltaics and small-scale wind turbines), energy storage systems (i.e., BESS) and smart technologies (i.e., smart meters, wireless communications, and intelligent home appliances-) promote energy consumption in buildings as green, efficient, and refined [2] , [3] . The energy management system in households, as a type of building, has received wide attention in recent years, due to the advantages of cost-saving for the home, high-efficiency for energy utilization, and low carbon emissions for the environment.
The home energy management system is defined as an optimal system to monitor and control renewable energy generation, energy storage systems, and intelligent home appliances in a smart house to decrease the electricity cost and improve the energy utilization efficiency [4] . An effective HEMS can decrease the electricity cost by nearly 23.1% and reduce residential peak demand by almost 29.6% [5] .
It is crucial to equip a suitable capacity of renewable energy generation system and energy storage system in the household for high-efficiency of the HEMS. In [6] , a convex programming framework was proposed to optimize the battery sizing in a smart home with a BESS and PV system. In [7] and [8] , HEMSs were expressed as a mixed-integer nonlinear programming framework to optimize the sizing and operation strategy of the BESS in a smart house. In [9] , a mixed-integer linear programing framework was developed to size additional distributed generation and energy storage systems under demand response in a smart house, taking the seasonal load and PV generation profiles into consideration.
In [10] , an integer programming framework was proposed to determine the optimal number of PV modules and optimal capacity of battery for stand-alone PV systems in residential buildings.
The results of capacity planning of renewable energy generation system and energy storage system are affected by electricity prices. The time-of-use pricing (TOU), real-time pricing (RTP), and stepwise power tariff (SPT) have been implemented widely around the world [11] - [13] . The TOU divides a day into peak-valley periods or peak-normal-valley periods, according to the historical records of the hourly electricity use. It is assumed that the high cost is during peak periods and that the low cost is during valley periods [14] . The RTP also has a high-cost period and a low-cost period within one day. However, it adjusts the price with much higher variability than that in the TOU [15] . The RTP policy has been adopted in the U.S., many European countries and Australia for years [12] . The SPT [16] , [17] is also called the inclining block rates pricing [18] . It divides the monthly electricity into several steps and provides different prices for each step [19] . Usually, the greater the electricity consumption, the higher the unit price needs to be paid. The SPT has been implemented to restrain the overconsumption of electricity in many regions such as China, Japan and California in the USA for years [11] , [13] . When sizing the PV and BESS systems in a household, considering these price mechanisms may further promote the application of HEMS in real life. The TOU and RTP tariffs have been used widely in the optimal sizing of renewable energy generation system and BESSs [6] - [9] , while the SPT was rarely considered. This paper will focus on how the electricity price mechanisms affect the optimal sizing of renewable energy generation system and the BESS in households.
Besides, the subsidies for PV also have an important impact on capacity allocation of PV. In order to promote sustainable development and environmental protection, some regions (i.e., China and Japan) provide a series of subsidy policies (i.e., electricity subsidies and capacity subsidies) for renewable energy generation such as PV power generation [20] . Municipal subsidies significantly induce the installation of rooftop PV, due to more benefits to consumers [21] , [22] . Hence, the subsidies of PV generation should be considered during the capacity planning phase.
To overcome the shortcomings mentioned above, an optimization-based HEMS which can be employed by the consumers under all of the TOU, RTP and SPT pricing schemes is proposed, considering the subsidies of PV. The effects of the electricity price mechanisms and subsidies of PV system on the capacity configuration strategy of the PV system and BESS in a household are studied. The proposed HEMS expressed as a bi-level model also considers the uncertainty in PV generation and seasonal load profiles to lead to more accurate results. And the scenario-based method is used to divide the stochastic problem into multiple deterministic problems. Then, a hybrid approach combining the cataclysmic genetic algorithm and DICOPT solver in GAMS is employed to solve the problem. Finally, to reveal the impact of the aforementioned components, 6 cases with different price mechanisms and approaches, as well as the sensitivity analysis of PV size to the electricity subsidies and capacity subsidies of PV are presented.
The rest of the paper is organized as follows. Section II describes the mathematical model of the HEMS under the RTP, TOU, and SPT and its solution. The test and results are illustrated in Section III, and Section IV presents the conclusion of the study.
II. MATHEMATICAL FORMULATION
The proposed HEMS includes home load, a rooftop PV system, and a BESS. The capacity of the PV system and the capacity and rated power of the BESS are regarded as the design variables and optimally determined with the aim of minimizing the annual comprehensive cost in the HEMS. The annual comprehensive cost includes the equivalent annual investment cost and the annual operation cost. Of which, the annual operation cost is the sum of the operation costs of HEMS in multiple scenarios. However, the minimum operation costs are affected by the sizing of the PV system and BESS, which depend on the optimization of the annual comprehensive cost. Hence, in the proposed HEMS, a bi-level optimization is involved. The upper programming determines the optimal sizing of the PV and BESS system with the aim of minimizing the annual comprehensive cost. The lower programming determines the optimal operation of the HEMS with the aim of minimizing the annual operation cost. The bilevel optimization model is given in the following sections.
A. MODEL OF THE UPPER PROGRAMMING 1) OBJECTIVE FUNCTION
The annual comprehensive cost of the home is employed as the objective function of the upper programming and defined in (1) . It consists of the fixed costs and variable costs. The fixed costs are the sum of the equivalent annual investment cost of the PV and BESS, as shown in (2) . Of these costs, the capacity subsidy is taken into consideration in the PV annual investment cost. The variable cost is the annual operation cost of the HEMS, in which the electricity subsidy is taken into consideration.
where
where C is the annual comprehensive cost of the home, C PV is the annual investment cost of the PV system, C BESS is the annual investment cost on BESS, C OP is the annual operating cost of the HEMS, A PV is the initial investment cost of the VOLUME 6, 2018 PV system, A IN PV is the capacity subsidy of the PV, P RATE PV is the rated power of the PV system, K PV is the coefficient to calculate the equivalent annual cost of the PV, A ERATE BESS is the initial investment cost of the BESS capacity, E RATE BESS is the capacity of the BESS, A PRAT BESS is the initial investment cost of the BESS power, K BESS is the coefficient to calculate the equivalent annual cost of the BESS, r is the social discount rate, y PV is the lifetime of the PV system, and y BESS is the lifetime of the BESS.
2) CONSTRAINTS
In the upper programming, the capacity of the PV system and the capacity and rated power of the BESS are regarded as the design variables. These variables are constrained by the allowable installation capacity.
B. MODEL OF THE LOWER PROGRAMMING 1) OBJECTIVE FUNCTION
The annual operation cost of the HEMS is employed as the objective function of the lower programming and can be obtained from (4) . It is the sum of the operation costs in Q scenarios. The operation costs include those of the PV and BESS, the cost of electricity requested from the grid, and the income from electricity subsidy of PV generation and selling of electricity to the grid. The calculation formulation for each cost, except the CBUY l, is shown in (5) .
where C M ,l is the operation cost of the PV and BESS in scenario l, C BUY l is the cost of electricity requested from the grid in scenario l, C SELL PV ,l is the income of selling electricity to the grid in scenario l, C IN PV ,l is the income from the PV generation subsidy in scenario l, d l is the number of objects allocated to each scenario, A M PV is the operation cost of the PV, P t PV ,l is the output power generated from the PV at hour t in scenario l, t is the index for hours, t = 1, 2, . . . , 24, A M BESS is the operation cost of the BESS, P t,ch BESS,l is the charging power of the BESS at hour t in scenario l, P t,dch BESS,l is the discharging power of the BESS at hour t in scenario l, e sell grid is the price of power sent to the grid, eallo is the PV generation subsidy, and P t,SELL GRID,l is the power sent to the grid at hour t in scenario l. The calculation formula for C BUY l depends on the price mechanisms. The calculation formulas of C BUY l under the SPT, RTP, and TOU tariff are given as follows.
(a) SPT The electricity cost under the SPT with n steps is described in Eq. (6), in which a judgment needs to be performed. To decrease the difficulty of the solving process, the logic variables are introduced to convert the piecewise linear function to that given in equation (7) and a series of constraints in (8) . In (7) and (8), x 1 , x 2 . . . x n correspond to the electricity consumption under each step, and u 1 , u 2 . . . u n are the 0-1 Boolean variables employed to indicate what step the electricity consumption belongs to. The constraints in (8) enforce that the electricity consumption can only be one step in a measurement cycle.
. . .
where C BUY SPT is the cost of the power requested from the grid under the SPT, P 1 , P 2 . . . P n represent the price for each step, O 1 , O 2 . . . O n−1 represent the electricity quantity for each step, and E BUY is the power purchased from the grid in one day.
(b) RTP The cost for purchasing electricity from the grid under the RTP tariff is described in (9) [7] . (9) where C BUY RTP is the cost of power requested from the grid, P t RTP is the real-time pricing at hour t, and E t BUY is the power purchased from the gird at hour t.
(c) TOU Eq. (10) is employed to express the cost for purchasing electricity from the grid under the TOU tariff [6] . (10) where C BUY TOU is the cost of power requested from the grid, and P t TOU is the time-of-use pricing at hour t.
2) CONSTRAINTS
The constraints of the lower programming include the operation constraints of the BESS and power balance constraints between the home and the grid. These are given as follows: (a) BESS operation constraints The operation of the BESS is constrained by its rated power of the inverter and state-of-energy. In addition, the BESS can only operate at one state during a given time interval, including charging power, discharging power, and not operating [23] . Hence, the binary variables x t,ch bess and x t,dch bess are employed to indicate what state the BESS operates. The power limitations for charging and discharging are expressed as (11) and (12), respectively. The constraints in (13) and (14) avoid BESS charging and discharging simultaneously.
where P t,ch BESS is the charging power of the BESS at hour t, and P t,dch BESS is the discharging power of the BESS at hour t, T is the set of time periods in the scheduling horizon, T = {1, 2, 3, . . . , 24}.
To ensure the lifetime of the BESS, the state-of-energy is limited to 0.2∼0.8 of its rated capacity [24] , [25] , as described in (15) . The SOC t BESS is the state-of-energy of the BESS at t expressed as (16) and (17) . Eq. (18) enforces that the initial state-of-energy equals the final state-of-energy for the BESS in an operation cycle.
where SOC min BESS is the minimum allowed state of energy, SOC max BESS is the maximum allowed state of energy of the BESS, η ch is charging efficiency of the BESS, and η dch is discharging efficiency of the BESS.
(b) Power balance constraints The electricity balance equation for the HEMS is described in (19) . Eq. (19) forces the input electricity of the HEMS to be equal to the output electricity of the HEMS at each hour. Of which, the input electricity include the power gotten from the grid, the power generated by the PV system, and the power discharged from the BESS. While the output electricity include home load, the charging power of the BESS, and the power injected to the gird. It should be mentioned that the HEMS can only operate at one state during a time interval, including drawing power from the grid, injecting power into the grid, and disconnecting from the grid [26] . This is ensured by the constraints in (20) and (21 
C. SOLVING THE PROBLEM
The proposed HEMS is a bi-level model involving a mixedinteger nonlinear programming framework and an iterative process. The hybrid approach, which combines a heuristic algorithm and a numerical optimization algorithm, is used widely to solve bi-level problems [27] , [28] . This paper adopts a hybrid approach combining the cataclysmic genetic algorithm and the DICOPT solver in GAMS to solve the proposed problem. With the advantages of a wide range of application, strong searching ability, precocity, and good convergence stability [29] , the cataclysmic genetic algorithm is used to optimize the sizing of the PV system and BESS in the upper programming. The DICOPT solver is employed to optimize the operation of the HEMS in the lower programming, with the advantage of rapid solving mixed-integer nonlinear programming problems. The process of the hybrid solving strategy is shown in Fig. 1 .
III. TEST AND RESULTS

A. SCENARIO GENERATION FOR PV OUTPUT
The PV output is uncertain due to the variability in the seasons and weather [30] , [31] . A scenario-based method can be used to model uncertainty, which divides the stochastic problem into multiple deterministic problems [32] . In this paper, the K-means clustering method [33] is used to generate the PV output scenarios based on 1-yearmeasurements data from smart-meters installed in the Foshan region.
According to weather conditions and seasons, the annual PV output data are divided into 12 scenarios as follows: spring sunny, spring cloudy, spring rainy, summer sunny, summer cloudy, summer rainy, autumn sunny, autumn cloudy, autumn rainy, winter sunny, winter cloudy, and winter rainy, corresponding to scenarios 1∼12. Fig. 2 presents the PV generation for each scenario, and the number of objects allocated to each scenario centroid is used to calculate the weight of each scenario, as shown in Table 1 . 
B. TEST SYSTEM
To demonstrate the impact of electricity tariffs, the uncertainty in PV generation, and seasonal load profiles, a comparative study is carried out on 6 cases: Case 1: optimization under SPT with stochastic approach. Case 2: optimization under RTP with stochastic approach. Case 3: optimization under TOU with stochastic approach. Case 4: optimization under SPT with deterministic approach.
Case 5: optimization under RTP with deterministic approach. Case 6: optimization under TOU with deterministic approach.
Seasonal load profiles and the uncertainty in PV generation are considered in the stochastic approach (SA). Of which, the load profiles of the home for a typical day in spring, summer, autumn, and winter are shown in Fig. 3 . A total of 12 scenarios of the PV output power are given in Fig. 2 , and the weight of each scenario is listed in Table 1 . 24 h of load demand and PV output for a single day are repeated to adjust to a yearly profile in the deterministic approach (DA). The household load and output power of the PV for the DA are depicted in Fig. 4 . The SPT in Guangzhou is used in this paper including 3 steps, as shown in Fig. 5 . It should be mentioned that the monthly electricity steps are converted into daily electricity steps, due to the day being the schedule cycle of operation optimization of the HEMS. Fig. 6 shows the prices under the RTP and TOU tariffs.
The electricity subsidy for PV generation in Guangzhou is adopted in this paper. This subsidy is 8.59 cents/kWh (0.57 /kWh), and the allowance for installed PV capacity is 30.14 $/kW (200 /kW). The initial investment and operation cost of PV and BESS are taken from [7] and are presented in Table 2 . The social discount rate is 0.08, and the lifetime of PV and BESS is considered as 12 and 8 years, respectively. The charging efficiency and the discharging efficiency of the BESS are 0.89 and 0.91 respectively, taken from [34] .
C. RESULTS ANALYSIS 1) OPTIMAL RESULTS COMPARISON AMONG DIFFERENT PRICE MECHANISMS
The optimal allocation results of the PV system and BESS under the 3 tariffs with SA are listed in Table 3 . As shown, the optimal capacity allocation of the PV and BESS is significant different, especially for the BESS, whose capacity allocation under the STP is 0, while it is 35 and 75 kWh under the TOU and RTP. The reason is that the SPT provides different price gradients based on electricity consumption without the peak-valley electricity price. In this case, the installation of the BESS is unprofitable. Hence, the optimal capacity of the BESS is 0 under the SPT. However, there is a big peak-valley electricity price in the RTP and TOU tariffs. The BESS can be used to charge power during lowcost hours and discharge power during high-cost hours to decrease the electricity bill under the RTP and TOU. The last time of the high-cost period and low-cost period in the TOU tariff is more than that in the RTP, so that the benefit of a BESS in the TOU is greater than that in the RTP tariff. Hence, the optimal capacity of the BESS in TOU is largest. The difference of allocation capacity among 3 tariffs confirms that the comparison of multiple electricity mechanisms is necessary.
To better illustrate how HEMS optimizes the power flow, Fig. 7 and Fig. 8 are employed to depict the power interaction between the home and grid. It should be mentioned, due to the limitation of space, that only the two extreme PV generation scenarios (scenario 1 as the worst case and scenario 5 as the best case) in SA optimization are presented. For the SPT, during the period without PV generation (i.e., 1∼6 h, 19∼24 h in Fig. 7 and Fig. 8 ), the power drawn from the grid is equal to the home load demand due to the absence of the BESS. During the period with PV generation, the power from the PV is used to meet the home load demand with priority. When the output of the PV cannot meet the home load demand (i.e., 7∼18 h in Fig. 7) , the rest of load demand is met by drawing electricity from the grid. If the output of the PV is more than the home load demand (i.e., 9∼16 h in Fig. 8) , the excess power is sent to the grid. For the TOU tariff, during low-cost hours (i.e., 1∼6 h in Fig. 7 and Fig. 8 ), the power obtained from the grid is greater than the home load demand. The reason is that the BESS charges during this period to be used at a later time. In the case of insufficient power for PV generation (scenario 1), the BESS also charges during the middle-cost hours (i.e., 12∼16 h in Fig. 7 ) to reduce power purchased from the grid in late high-cost hours (i.e., 18∼21 h in Fig. 7) . During the high-cost hours (i.e., 7∼11 h, 17∼21 h), the power drawn from the grid is lower than the home load demand, because power from PV generation and BESS meet the home load demand with priority during this period. For the RTP tariff, the power interaction between the home and the grid is similar to that under the TOU tariff. During low-cost hours, the power obtained from the grid meets the home load demand and charges the BESS. During high-cost hours, power from PV generation and BESS meet the home load demand with priority. However, the electricity quantity exchanged between the home and the grid under the RTP is less than that under the TOU. The main reason for this is that the greater capacity of the BESS has been equipped under the TOU than that under the RTP.
Moreover, to demonstrate how the HEMS optimizes the power allocation of PV output, the decomposition of PV generation in scenario 5 under the RTP, TOU and SPT is employed, as presented in Fig.9 . Fig. 9 shows that the generated PV energy under the RTP and TOU tariffs is directed to the home, gird, and BESS, while the generated PV energy under the SPT is directed to the home and grid. It also can be seen that the power sent to the grid under SPT is the highest, while the TOU tariff is the second and the RTP is the lowest. The reasons for this are analyzed below. The capacity of the PV system under the SPT and TOU tariffs is more than that under the RTP tariff as mentioned in Table 3 . Therefore, the power sent to the gird under the RTP tariff is lower than that under the SPT and TOU tariffs. In addition, the generated PV energy under the SPT does not need to be directed to the BESS, so more power under the SPT is sent to the grid than that under the TOU tariff. Besides, the BESS is equipped in the HEMS under both the RTP and TOU tariffs, but the periods for BESS charging from PV generation are different. The BESS charges at 9∼12 h and 15 h under the RTP tariff and charges at 9 h and 15 h under the TOU tariff.
2) SENSITIVE ANALYSIS OF PV SIZE TO PV SUBSIDES
The PV sizing results for different electricity tariffs together with the impacts of changes in the electricity subsidy ratio of PV in comparison with changes in the capacity subsidy ratio of PV are evaluated in order to conduct a sensitivity analysis. The corresponding results are shown in Table 4 and Table 5 . It should be noted, due to the limitation of space, that only the sizing results under the RTP and SPT are presented. And the maximum capacity of PV is limited to 80 kW, considering the limited space of rooftop.
There are many remarks that one might make regarding Table 4 and Table 5 . First notice that under both the RTP and SPT, only when the subsidies reach a certain level (i.e., the electricity subsidy ratio of 70% and the capacity subsidy ratio of 100% in Table 4 ), will the installation of PV be considered. At the second, the PV size increase with the increase of the electricity subsidy ratio and capacity subsidy ratio as can be expected. When the electricity subsidy ratio and capacity subsidy ratio reach a certain level (i.e., the electricity subsidy rate of 200% and the capacity subsidy of 110%), the maximum limit of PV size is provided as the optimum configuration as more the capacity of PV system more the benefits is. At the third, the PV sizing results are more sensitive to the electricity subsidy changes than the capacity subsidy changes. Increasing same allocation capacity of PV, changes in the electricity subsidy ratio is lower than changes in the capacity subsidy ratio. At last but not least, the PV sizing results are more sensitive to subsidies under the SPT than that under the RTP. At the same capacity subsidy rate of PV (i.e., 100%), when the electricity subsidy rate under the SPT reaches to 50%, the PV sizing result is not 0 kW, while the electricity subsidy rate under the SPT needs to be 70%. 
3) OPTIMAL RESULTS COMPARISON BETWEEN THE SA AND DA
The optimal allocation results of the PV system and BESS under the 3 tariffs with DA are listed in Table 6 . Comparing the results in Table 6 with that in Table 3 , it can be seen that the optimal results under the same electricity tariff are different between the SA and DA as can be expected. To better analyze the distinction between the SA and DA, Table 7 presents the annual comprehensive cost of home for 6 cases with and without the PV system and BESS. The results in Table 7 indicate that the annual comprehensive cost in the DA optimization is decreased by 5.9%, 3.0%, and 4.8% under the SPT, RTP, and TOU tariffs, respectively. However, the results are lower than the results from the SA optimization by 9.8%, 8.1%, and 9.6% under the SPT, RTP, and TOU tariffs, respectively. Taking the optimization results under the SPT as an example (Case 1 and Case 4), the reason for this is elaborated as follows. VOLUME 6, 2018 According to the decomposition of annual comprehensive costs of the case 1 (with the SA) and case 4 (with the DA) in Fig.10 , the annual electricity bill in the SA optimization is nearly 29.9% lower than that in the DA optimization. In addition, the annual income from selling energy and the PV subsidy in the SA optimization is higher than that in the DA optimization. The cost-savings mentioned above are more than the increased initial investment and operation cost for the PV system in the SA optimization. Hence, the annual comprehensive cost of a home in the SA is lower than that in the DA after optimization. Besides, the annual comprehensive cost for a home in the DA is higher than that in the SA before optimization. Thus, the total cost-saving in the SA optimization is higher than that in DA optimization.
IV. CONCLUSION
In this paper, a HEMS is proposed for optimal capacity configuration of the PV and BESS in smart households with the aim of minimum the annual comprehensive cost. The impact of the electricity price mechanisms and subsidies of PV system on capacity configuration of the PV and BESS is studied. From the study, the conclusions are elaborated as follows:
• For the regions where implement the SPT, only the PV system need to be equipped in the households due to the absence of peak-valley electricity prices. For the regions where implement the RTP or TOU, the PV system and BESS need to be equipped together in the households to utilize the peak-valley electricity pricing. Moreover, the longer the peak-valley electricity price lasts in the RTP and TOU, the more cost can be reduced, and the more capacity of the BESS can be equipped in the households.
• Considering the subsidies of PV generation changes the PV sizing results significantly. The PV size increases with the increase of the electricity subsidy and capacity subsidy. Moreover, the PV sizing results are more sensitive to the electricity subsidy than capacity subsidy and more sensitive to subsidies under the SPT than that under the RTP.
• It is found that the annual comprehensive cost-savings in the SA optimization are higher than that in the DA optimization in all considered case-studies. Hence, the stochastic approach is necessary. In the future, the HEMS architecture with the proper extensions of the modeling by adding mathematical formulations for multi-energy systems, such as electrical system, cold and heat system and natural gas system, will be studied. He is currently a Professor with the School of Electric Power Engineering, South China University of Technology, Guangzhou, China. His current research interests include power system stability and control, and power system protective relaying.
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